highly dynamic cell populations whose biology is largely dictated by the local microenvironment (context dependency). For this reason, it might be more meaningful to classify glial cells by the specific molecular (e.g., transcriptional profiles) and functional (e.g., phagocytosis, inflammatory cytokine production) properties that constitute their respective contextresponsive states. In this regard, recent reports have revealed that specific central nervous system environments (reflecting different developmental stages and diseases) actively sculpt microglia identity (Bennett, et al., 2018) , as well as dictate their function in neural circuit maintenance (Schafer et al., 2012) and myelination (Bennett & Barres, 2017) . The use of these context-dependent classifications might be useful in defining the specific contributions of different glial cell populations to disease pathogenesis, and for the design of stroma-directed therapies that aim to treat disorders of the brain characterized by microglia infiltration and reactive astrocytosis.
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Hong, S., Beja-Glasser, V.F., Nfonoyim, B.M., Frouin, A., Li, S., Ramakrishnan, S., Merry, K.M., Shi, Q., Rosenthal, A., Barres, B.A., et al. (2016) . subtend sequence-specific interactions, many characterized in structural detail. Allosteric regulation of DNA-binding proteins by smaller cofactors such as ATP has also long been observed to enhance or repress transcription factor binding or improve polymerase fidelity (Frick et al., 1999) ; however, the specific or nonspecific character of a DNA-protein recognition event has never been shown before to be allosterically controlled. Through a remarkable structural tour de force, Boudet et al. uncover an ATP-induced allosteric switch that induces sequence-specific DNA recognition by the archaeal Sulfolobus islandicus primase in this issue of Cell (Boudet et al., 2018) .
Primases play a critical role in DNA replication by synthesizing de novo a primer on a single-stranded DNA template. The primer is required for DNA polymerase elongation to occur, either once on the leading strand or continuously on the lagging strand, which elongates in the 5 0 to 3 0 direction toward the rate-limiting replication fork (Kuchta and Stengel, 2010) . Primases are classified into two structurally diverse groups: DnaG primases, found in bacteria and bacteriophages, and archaeoeukaroytic primases. The canonical archaeoeukaryotic primase structure is heterodimeric, consisting of a small catalytic subunit (PriS) and a larger regulatory subunit (PriL). PriS-and PriL-directed primer synthesis occurs in two phases: an initiation phase where PriL associates with the DNA template followed by an elongation phase catalyzed in the 5 0 direction by PriS (Baranovskiy et al., 2016) . Boudet et al. examine a unique primase from the archaeal plasmid pRN1 from S. islandicus. The pRN1 replication protein synthesizes the primer through the catalytic Prim_Pol and the helix bundle domain, both structurally and functionally related to PriS and PriL, respectively (Boudet et al., 2015) ( Figure 1A) . The helix bundle domain distinguishes this primase from most archaeoeukaryotics by requiring specific recognition of a 5 0 -GTG-3 0 template for initiation (Beck and Lipps, 2007) . Although no primases reported to date initiate on random template sequence, exact sequence requirements are typically found only in prokaryotes.
The investigators chose to study pRN1 as an example of a primase with specific sequence requirements. The crystal structure for unbound Pol_Prim and helix bundle domain have been reported (Beck et al., 2010) , but template-bound structures could not be crystalized, preventing a structural understanding of what drives the helix-bundle-domainspecific GTG recognition (Beck et al., 2010) . Thus, the investigators resort to nuclear magnetic resonance (NMR) spectroscopy and, through remarkable technical tools, address this issue to a surprising conclusion.
The authors hypothesized that the helix bundle domain binds to ATP even if this domain is not able to catalyze primer synthesis. In the human primase, the PriL-CTD is similar in structure to the helix bundle domain and functions by binding the DNA template. Recent crystal structures of template-bound human PriL-CTD revealed a distinct nucleotide triphosphate (NTP)-binding pocket, supporting the hypothesis that the helix bundle domain would also bind the nucle-otide (Baranovskiy et al., 2016) . Using a series of template binding and primase activity assays coupled with NMR chemical shift mapping, the authors confirm that ATP enhances template binding and that GTG specificity is ATP dependent. In the absence of ATP, the primase is inactive and the helix bundle domain binds the DNA template in a sequence-independent manner; however, in the presence of ATP, the primase is activated, template binding affinity is increased, and the helix bundle domain strictly recognizes the GTG-recognition sequence. This surprising result immediately raised the question of how ATP might regulate helix-bundledomain-binding specificity.
To understand how ATP binding creates specificity, Boudet et al. use NMR to compare structures for helix bundle domain in the presence and absence of ATP, when bound to a functional 11-mer synthetic DNA template containing the GTGrecognition sequence. When ATP is not present, the GTG nucleotides bind within a groove formed between alpha helices 10 and 12 ( Figure 1B ). Conserved residues (W314, Y352, S310) that were previously hypothesized to be essential for template binding based on the unbound helix bundle domain crystal structures were confirmed to make interactions with the template (Beck et. al. 2010 ). Yet, very few sequence-specific interactions with GTG were observed. Crucially, the authors then determine the ATPand template-bound helix bundle domain structures, which reveal significant conformation changes within the GTGrecognition site. ATP binding pushes the entire template deeper into the widened groove formed between helices 10 and 12, positioning the GTG bases to form new contacts with the helix bundle domain that are now sequence specific. Alpha helix 12 also unwinds, extending the flexible loop between helices 11 (C) Cartoon scheme of the HBD ATP-allosteric switch. In the absence of ATP, the HBD binds the template sequence non-specifically and the primase is inactive, but in presence of ATP, the HBD changes conformation, recognizing GTG specifically, and the primase is activated. and 12, suggesting a possible ATP-binding pocket. However, it was impossible to establish the precise site of ATP binding and its interactions with the helix bundle domain. Using paramagnetic relaxation enhancement experiments, the authors identified D308 and E343 as key ATP-Mg 2+ chelators, thereby establishing two separate ATP-binding pockets. Resolution of both ATP-binding pockets is achieved by turning to solid-state NMR, which allows the authors to acquire intermolecular phosphate-protein contacts not obtainable by solution NMR. This hybrid solution-solid-state NMR approach resolves the structure of the ATP-binding sites and reveals interactions that are key for inducing specificity.
Interestingly, the ATP-bound structure positions both the ribose and purine away from the helix bundle domain-template interface. This prompted the question of whether the bound ATPs are also the substrates for dinucleotide synthesis during primer formation. Models indicated reasonable potential for base-pairing between bound ATPs and upstream dTTPs. This observation, combined with the similar NTP positioning as in the human primase, led the authors to conclude that ATP bound to the helix bundle domain functions by recognizing the GTG template, priming the initial substrates for pRN1 primer synthesis ( Figure 1C ).
Many cellular processes utilize NTPs as allosteric regulators, yet Boudet et al. uncover a novel type of ATP-directed allostery, where upon binding, the protein conforms its structure to be activated only by a GTG template. How Prim_Pol and the helix bundle domain together mechanize dinucleotide synthesis and transition between initiating and elongating structures remain to be addressed. This study also provides an eloquent illustration of the power of modern hybrid NMR methods to address the structure and conformational rearrangements of complex enzymatic machines.
Specific template recognition is mainly limited to prokaryotic primases, yet exceptions exist. For example, human primases require a limited recognition site (a 5 0 pyrimidine), whereas mouse primases require the trinucleotide 5 0 -CC(C/ A)-3 0 for efficient primer synthesis (Davey and Faust, 1990) . Why do some species use specific primers and many others do not? How common are sequencespecific allosteric switches? And can these allosteric controls be engineered into novel, programmable DNA-binding proteins that bind to specific sequences on demand? While these questions are complex, the methodology for addressing them is demonstrated here.
